The radioactive decontamination of water, soil and other materials requires cheap and effective adsorbents. Artificial zeolites synthesized from an industrial waste (coal fly ash: Na-P1 type zeolite) and a natural material (diatomite: mordenite type zeolite) have a high Cs + adsorptivity in the adsorption experiments using 0.1 g of the zeolite and 50 mL of up to 7.5 mM CsCl. The coexisting cation suppressed the Cs + adsorption onto the zeolites, and the effect of the suppression was in the order,
Introduction
The accident that occurred in 2011 at the Fukushima Daiichi Nuclear Power Plant in Japan caused the release of a huge amount of radionuclides, and the radionuclides contaminated and damaged crops, forests, waters, and soils over a wide range. A more serious accident previously occurred in Chernobyl on 26 April, 1986. 1) The Major radionuclides released in both accidents were 131 I (half-life µ 8 days), 90 Sr (half-life µ 29 years), and 137 Cs (half-life µ 30 years). 1),2) These radionuclides are also very detrimental to our health, 3) and the decontamination of the radionuclides from our environment is strongly required. Many researchers focused on the decontamination of radioactive Cs among the radionuclides, because radioactive Cs has been released in a greater amount from the Fukushima Daiichi Nuclear Power Plant, and still has contaminated the environment. 4 ), 5) In order to decontaminate the radioactive Cs from the environment, it is necessary to concentrate the radioactive Cs diffused into waters, soils and other materials, by using adsorbents. 6) Many kinds of adsorbents have been reported to be effective for the adsorption of Cs, such as active carbon, 7) Prussian blue, 8) and zeolites. 9),10) However, the use of expensive adsorbents may not be recommended for the decontamination process from the viewpoint of cost, because the contamination by the radioactive Cs has spread over a large area.
Zeolites are porous aluminosilicates with three-dimensional networks with channels of certain sizes, and have negative charges arising from the isomorphic substitution of Si by Al, which make it possible to adsorb metal cations including Cs
There are more than 200 types of natural and synthetic zeolites. 11) Besides being made from chemical reagents, zeolites can be synthesized from industrial wastes such as coal fly ash 12)14) and natural resources such as diatomite, 15) , 16) and the obtained zeolites are usually called artificial zeolites. A Na-P1 type artificial zeolite synthesized from coal fly ash had a high ability for Cs + adsorption, and the high Cs + adsorptivity was ascribed to its 0.38 nm pore opening size which is close to the diameter of Cs + . 19) In addition, a natural mordenite also had high selectivity for Cs + adsorption. 6) An artificial Na-P1 from coal fly ash and an artificial mordenite from diatomite were hybridized with magnetite for the purpose of the decontamination of Cs + from waters and soils. 17) , 18) Both hybrid materials performed high Cs + adsorption capacity where more than 99% of Cs + was adsorbed from 100 mL of 100 ppm Cs + solution by one gram of those materials. However, detailed Cs + adsorption study has not been carried out. In this study, the adsorption experiments of non-radioactive Cs + was conducted using the Na-P1 type and mordenite type artificial zeolites. The artificial Na-P1 was synthesized from a coal fly ash, and the artificial mordenite was synthesized from diatomite. Coal fly ash is an industrial waste and diatomite is a natural resource, and both materials can be obtained at low cost. The objectives of this study were to investigate the Cs + adsorption characteristics of the two artificial zeolites, to compare the Cs + adsorption selectivity between the two, and to determine the mechanism of the Cs + adsorption. In the Cs + adsorption experiments, the solution pH, reaction temperature, species and concentration of a coexisting cation were varied.
Materials and methods

Preparation and characterization of artificial zeolites
An artificial Na-P1 was synthesized from a coal fly ash (JIS II type) discharged from a thermal power plant (Shikoku Electric Power Co., Takamatsu, Japan), by heating 10 g of the coal fly ash with 80 mL of 2.0 M NaOH at 100°C 19) using a reflux method. An artificial mordenite was synthesized by heating 5 g of diatomite (Wako Pure Chemical Ind., Ltd.) with 22.5 mL of 1.0 M NaOH in a stainless steel autoclave at 170°C for 24 h.
18) The above two products were washed with distilled water to remove excess NaOH, and were dried at 70°C in an oven. The products are Na + -saturated, because NaOH was used in their synthesis. The formation of the Na-P1 and mordenite type zeolites in the products was confirmed by an X-ray diffractometer (XRD, Rint 2000, Rigaku, Co.) using Cu-K¡ radiation. Elemental composition of the products was determined by an X-ray fluorescence spectrometer (XRF, RIX 2100, Rigaku, Co.). The cation exchange capacity (CEC) of the products was determined from the amount of K + retained by the products. 17) The products were first saturated with K + by washing with 1 M KCl, then washed with distilled water to remove excess K + . The retained K + by the products was replaced by washing with 1 M NH 4 Cl, and the replaced K + was determined by an atomic absorption spectrophotometer (AAS, Z-5000, Hitachi Co.).
Cs
© adsorption experiment
The adsorption isotherms of Cs + by the two products were obtained from the adsorption experiments in which 50 mL of a CsCl solution was mixed with 0.1 g of each product placed in a stoppered Erlenmeyer flask, and reciprocally shaken for 24 h. Preliminary experiments confirmed that the shaking for 24 h was sufficient to attain equilibrium. 
Results and discussion
Characterization of products
The powder XRD patterns of the two products are shown in Fig. 1 . Based on XRD data base PDF card No. 00-039-0219, 20) the product synthesized from the coal fly ash mainly consisted of Na-P1 type zeolite (Gismondine) with a small amount of mullite and quartz as unreacted phases of the coal fly ash. The XRD peaks of the synthesized diatomite product were fitted to XRD data base PDF card No. 00-029-1257 (mordenite), 21) and a small peak of the analcime type zeolite was observed. From the above XRD observations, the two products are hereafter called artificial Na-P1 and artificial mordenite. The artificial Na-P1 had a Si/Al molar ratio of 1.59, and its CEC value was 2.76 mmol(+)/g, as shown in Table 1 . Generally, during the synthesis of the Na-P1 type zeolite, the value of the Si/Al ratio of a product changes with the synthesis conditions, and CEC of the product is dependent on its Si/Al ratio, in addition to its purity. The CEC value of the artificial Na-P1 was lower than an expected value of 4.63 mmol(+)/g calculated from the Si/Al ratio of 1.59, and this is due to mullite and quartz contained in the artificial Na-P1. The artificial mordenite had a Si/Al ratio of 5.49 and a CEC value of 1.73 mmol(+)/g ( Table 1 ). The values of the Si/Al ratio and CEC were similar to those of mordenite found in the database, because as shown in Fig. 1 , the content of analcime as an impurity was low. The CEC value of a zeolite relates to its adsorption capacity of cationic species, and CEC of the artificial Na-P1 was more than 1.5 times of the artificial mordenite.
Adsorption rate and distribution coefficient
For the decontamination of radioactive Cs + of polluted water using adsorbents, the adsorption rate or removal rate of Cs + from the water is an important factor for the assessment of the ability of the adsorbents. The values of the adsorption rate of Cs + by the artificial zeolites at 298 K are shown in Fig. 2 . Generally, the adsorption rates of Cs + by the two artificial zeolites were greater at the low initial Cs + concentrations, and decreased with the increasing initial Cs + concentration. The artificial mordenite showed a higher Cs + adsorption rate than the artificial Na-P1, except for the initial Cs + concentration of more than 5 mM. Since the concentration of Cs + in polluted water is very low even if the concentration of natural 133 
Cs
+ was taken into account, the Cs + adsorption ability at lower Cs + concentrations is more important in the view of the radioactive decontamination. The adsorption rates by the artificial mordenite at low initial Cs + concentrations exceeded 99%. Study of Cs + adsorption at lower Cs + concentration (10 ppm) onto natural mordenite, natural clinoptilolite, artificial Na-P1, zeolite A and zeolite X suggested that natural mordenite showed the highest Cs + adsorption capacity, followed by natural clinoptilolite, artificial Na-P1, synthetic zeolite A, and zeolite X. 6) The results of this study was in agreement with that previous study. The structure of mordenite consists of 12-membered ring (MR) parallel channels (0.67 © 0.70 nm) with 8 MR side pockets (0.34 © 0.48 nm). 22) We suggested that the adsorption of Cs + on mordenite is ascribed to the 8 MR side pockets in the mordenite framework, due to those pockets sizes are similar with diameter of Cs ions (ca. 3.6 ¡).
Furthermore, the greater Cs + adsorption rate of the artificial Na-P1 than the artificial mordenite at higher initial Cs + concentrations is ascribed to its greater CEC value. In this experiment, the addition of 5 mM Cs + corresponds to the addition of 2.5 mmol of Cs + to 1 g of the artificial zeolites; 2.5 mmol-Cs + /g is greater than the CEC of the artificial mordenite and less than the CEC of the artificial Na-P1.
In addition to the adsorption rate, the distribution coefficient is also an important measure to assess the adsorption ability of the adsorbents. A distribution coefficient was calculated according to following equation 23) using the Cs + adsorption data at 298 K.
where K d is the distribution coefficient (L/g), C 0 and C e are the activities of Cs + in the initial and equilibrium solutions (mmol/L), V is the volume of the solution phase (L), and m is the mass of the artificial zeolite (g). The activity of a monovalent cation, such as Cs + , at a low concentration is nearly equal to the concentration of the cation, so we used the initial and final Cs + concentrations as C 0 and C e , respectively. The obtained K d values are shown in Fig. 2 as log K d . Generally, the K d value increased with decreasing the initial Cs + concentration for the both artificial zeolites. At higher initial Cs + concentration region, the K d values of the two zeolites were similar, however with decreasing the initial Cs + concentration, the K d value of the artificial mordenite became greater than that of the artificial Na-P1. At lower initial Cs + concentrations, the K d values of the artificial mordenite was more than 10 times greater than those of the artificial Na-P1.
Adsorption isotherm
The adsorption isotherms of Cs + by the artificial Na-P1 and artificial mordenite at 298 K are shown in Fig. 3 . The slope of the isotherms were very steep in the lower equilibrium Cs + concentration region, especially for the artificial mordenite, and then the isotherms gradually became nearly a plateau at the higher equilibrium Cs + concentrations. At the higher equilibrium Cs + concentrations, the amount of the Cs + adsorption was slightly greater for the artificial Na-P1, and the reason for this was already discussed in section 3.2. The adsorption isotherms in Fig. 3 were analyzed using the Langmuir, Freundlich, Temkin, and D-R adsorption equations. The equations and the list of symbols used in the equations are given in Table 2 .
Analysis by Langmuir theory
The basic assumption of the Langmuir adsorption theory is that adsorption takes place at specific homogeneous sites within an adsorbent. 28) Different from the other adsorption theories an advantage of the Langmuir theory (or equation) is that it gives a maximum adsorption. The Langmuir constant, q max (Table 3 ) is a value of maximum adsorption, which represents monolayer coverage of the surface of an adsorbent by an adsorbate.
29) The obtained Langmuir parameters are given in Table 3 , and the maximum Cs + adsorption (q max ) was 189 mg/g or 1.42 mmol/g for the artificial Na-P1, and 171 mg/g or 1.29 mmol/g for the artificial mordenite (Table 3) . As already mentioned, the greater maximum Cs + adsorption value of Na-P1 is ascribed to its greater CEC.
An additional parameter of the Langmuir model is the separation factor, R L , which is defined by the following equation.
where K L is a the Langmuir constant related to the adsorption energy (L/mmol), and C 0 is the initial concentration of Cs + (mmol/L). The R L value indicates the adsorption property to be either unfavorable (
The R L values of the zeolites are shown in Table 4 . The R L value was 0.045 < R L < 0.425 for the artificial Na-P1, and 0.006 < R L < 0.082 for the artificial mordenite. These values are between 0 and 1, indicating that the adsorption of Cs + is favorable for both artificial zeolites. However, the R L value of the artificial mordenite was much lower than that of the artificial Na-P1, suggesting that the adsorption of Journal of the Ceramic Society of Japan 123 [12] 
Cs
+ onto the artificial mordenite was more favorable. In other words, the artificial mordenite had a greater selectivity for Cs + than the artificial Na-P1 had.
Analysis by Freundlich equation
The Freundlich equation is an empirical equation, and is used in a variety of adsorption systems. The Freundlich parameter K F and 1/n roughly indicates the adsorption capacity, and adsorption favorability.
32) The K F value for the artificial Na-P1 was 17.4 L/g or 2.31 © 10 3 L/mol, and for the artificial mordenite it was 52.4 L/g or 6.97 © 10 3 L/mol (Table 3) . Based on this isotherm equation, the adsorption capacity of the artificial mordenite is concluded to be higher than that of the artificial Na-P1. The slope (1/n) corresponds to the adsorption favorability, and its value between 01 indicates a favorable sorption 32) or chemisorption process.
33) The n value was 2.63 and 4.83 for the Na-P1 and the mordenite samples, respectively, or the slope (1/n) was between 01, suggesting that the both zeolite samples are favorable for the Cs + adsorption.
Analysis by Temkin equation
The Temkin adsorption equation considers the interaction between an adsorbent and an adsorbate, 26) and assumes that the heat of adsorption of all the adsorbates in the layer would linearly decrease with coverage due to the adsorbent/adsorbate interaction. The Temkin equation is described in Table 2 . The Temkin binding constant (K T ) was 0.438 L/g or 58.0 L/mol and 36.5 L/g or 4.86 © 10 3 L/mol for Na-P1 and mordenite, respectively, suggesting that Cs + is more strongly adsorbed onto the mordenite than Na-P1. The Temkim isotherm constant (b T ) was 79.0 for the Na-P1 sample and 141 for the mordenite sample. The higher (b T ) value of the mordenite sample than that of the Na-P1 sample indicates that the interaction of Cs + with mordenite is stronger than that with Na-P1.
Analysis by Dubinin-Radushkevich equation
The Dubinin-Radushkevich (D-R) equation is generally applied to express an adsorption mechanism based on the potential theory assuming a heterogeneous surface, 27) and the equation is presented in Table 2 . The D-R equation gives also the value of the free energy and distinguishes the physical and chemical adsorptions of the metal cations.
27) The free energy (E) is determined using the following equation. 34 )
where E is the free energy (kJ/mol), K ad is Dubinin-Radushkevich isotherm constant (mol 2 /kJ 2 ). The free energy (E) that lies between 816 kJ/mol indicates a cation exchange process, a value less than 8 kJ/mol suggests physical adsorption, and that more than 16 kJ/mol implies chemical adsorption.
35) The free Langmuir
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energy value (E) of the artificial Na-P1 sample was 6.85 kJ/mol (Table 3) , less than 8 kJ/mol, indicating that the Cs + ion adsorption on the Na-P1 zeolite is physical adsorption. On the contrary, the free energy value of the artificial mordenite was 11.4 kJ/mol ( Table 3 ), indicating that the adsorption of Cs + on the mordenite is a cation exchange process with Na + . This analysis again supported the greater Cs + selectivity of the artificial mordenite than that of the artificial Na-P1.
Error function
The parameters of each isotherm (Table 3) Table 3 , it seems that the data have a good fit to the Langmuir, Temkin, and the D-R adsorption isotherms, with the R 2 value more than 0.990 for both zeolites. However, to obtain highly precise results, the error function was analyzed, using the nonlinear chi-square test (» 2 ). The nonlinear chi-square test is a statistical tool necessary for the best fit of an adsorption system, obtained by judging the sum squares differences between the experimental and the calculated data, with each squared difference is divided by its corresponding value (calculated from the model).
36) The chi-square test (» 2 ) is given by the following equation.
37)
where » 2 is the chi-square test, q e is the amount of the equilibrium Cs adsorption (mmol/g), and q e,m is the calculated amount of adsorbed Cs (mmol/g). If data from the model are similar to the experimental data, » 2 will be a small number, and if they are different, » 2 will be a large number. Table 5 shows the value of the chi-square test of each isotherm model for both the Na-P1 and mordenite type artificial zeolites. For both zeolites, the » 2 value was in the order of Langmuir > Freundlich > Temkin > D-R. This indicates that the order of fitting of the two zeolites is D-R > Temkin > Freundlich > Langmuir. Based on these results, we suggested that the D-R isotherm was the best fit among the adsorption isotherm models for both the Na-P1 and mordenite type artificial zeolites.
Effect of pH
The waters polluted by radioactive Cs have various pHs, and acidic solutions are sometimes used to extract radioactive Cs from polluted solids such as soil. Therefore, the effect of pH on the adsorption rate of Cs + is important, and such results are shown in Fig. 6 . The adsorption rate of Cs + was constant at the initial pH from 3 to 5 for both the zeolites; the artificial Na-P1 was 92.5% and the artificial mordenite was 99.7%. However, the adsorption rate decreased at the initial pH of 2 and 1, and the decrease was more distinct in the artificial Na-P1. For the artificial Na-P1, the rate decreased to 79.0% at the initial pH of 2, and then became 0.2% at the initial pH of 1. After the adsorption experiment at the initial pH of 1, the XRD pattern changed to that of amorphous materials (not shown). The decrease in the adsorption rate of Cs + is ascribed to the competition with H + in the acidic solution, and the change to the amorphous phase is due to the dissolution of the Na-P1 structure and subsequent precipitation of the amorphous materials. On the contrary, the adsorption rate of Cs + onto the mordenite was maintained at 85.6% even at the initial pH of 1, and no change in the XRD pattern of mordenite was observed (not shown). The difference in the effect of pH between the two artificial zeolites is attributed to the difference in their H + adsorption selectivity, and the greater H + selectivity of Na-P1 and less H + selectivity of mordenite was reported using synthetic zeolites.
38)
Effect of coexistence cation
The adsorption of Cs + onto adsorbents is also affected by the coexistence of cations other than H + . The effect of a coexisting cation on the Cs 
Thermodynamic analysis
We elucidated the mechanism of the Cs + adsorption based on thermodynamic calculations using the Cs + adsorption isotherms at 298, 308, 318, and 328 K. The adsorption isotherms of Cs + at these temperatures are given in Fig. 9 for the artificial Na-P1 and in Fig. 10 for the artificial mordenite. For both zeolites, the adsorption amounts of Cs + tended to decrease with the increasing temperature. The attraction force of Cs + onto the zeolites might decrease with the increasing temperature causing the release of Cs + ions to the bulk solution. The preference of the Cs + adsorption at the lower temperature was also observed in the Cs adsorption study on a clay colloid sample. 39) The adsorption data in Figs. 9 and 10 were analyzed using van't Hoff equation. The van't Hoff equation is generally applied to describe the relationship between changes in the equilibrium constant of a chemical equilibrium to the change in temperature. The van't Hoff equation is defined by the following equation. 40) log K ¼ ÀÁH
where K is the equilibrium constant, "H°is the change in molar standard enthalpy (kJ/mol), R is the gas constant (8.314 J/kmol), T is the absolute temperature (K), and C is a constant of integration. The equilibrium constant (K) is expressed by the following equation:
where C 0 and C e are the initial and equilibrium Cs concentrations, respectively. By plotting log K against 1/T, a straight line will be obtained, with ¹"H°/2.303R as the slope, then "H°can be calculated from the slope. 41) The Gibbs standard free energy change ("G°) is also calculated by the following equation. 28 )
The plot of log K versus 1/T for the artificial Na-P1 is shown in Fig. 11 , and that of the artificial mordenite is shown in Fig. 12 . All of the plots in the two charts fitted well to a straight line, with positive intercept values, indicating that the adsorption process of Cs + onto the two artificial zeolites is exothermic. 33 ) Tables 6 and 7 present the thermodynamic parameters for the adsorption of Cs + on the Na-P1 zeolite and the mordenite, respectively. The "H°values are negative for both zeolite samples under all the observed Cs + concentrations. The negative values indicate that the adsorption nature is exothermic. Except for the initial Cs concentration of 750 and 1000 mg/L, all the "G°values were also negative for both zeolite samples at the various temperatures and various Cs + concentrations, suggesting that the adsorption or reaction of Cs + onto the zeolites spontaneously occur. Furthermore, the spontaneity decreased with the increasing Cs + concentration, as indicated by the increase in "G°along with the increase in the Cs + concentration, observed for both zeolite samples (Tables 6 and 7 ). This is ascribed to the increase in the occupation rate of the zeolite surface by Cs + ions. Moreover, the "G°values at a higher temperature was greater than that of at a lower temperature for both artificial zeolites, indicating that the adsorption of Cs + on both zeolites is more favorable at a lower temperature, as shown by the experimental results (Figs. 9 and 10).
Conclusions
The two artificial zeolites generally showed high Cs + adsorption selectivities. The artificial Na-P1 had a higher adsorption capacity, and the artificial mordenite had a greater adsorption strength especially at low Cs + concentrations. The artificial mordenite also had a greater adsorption rate and distribution coefficient, and had a lower Gibb's standard free energy. Since molar concentration of both radioactive and natural Cs in water and soil is very low even at the polluted areas, the artificial mordenite is concluded to be a better adsorbent than the artificial Na-P1. During the decontamination process, adsorbents sometimes suffer from a low pH and high salt concentration, but the artificial mordenite showed a better Cs + adsorptivity at a low pH and with a high coexisting cation concentration than the artificial Fig. 10 . Cs adsorption isotherms of artificial mordenite at various temperatures. Fig. 11 . Plot of log K versus 1/T of artificial Na-P1. Journal of the Ceramic Society of Japan 123 [12] 1065-1072 2015
JCS-Japan Na-P1. We then concluded that the artificial mordenite is a cheap and effective adsorbent for the decontamination of radioactive Cs in the environment. 
